Hair is very important in determining human appearance. Although there are numerous observed data and experimental recordings for hair, a detailed mechanism of hair formation has not yet been elucidated. Therefore, in this study, a simulation of the method of formative process of hair roots was done using a 3D particle model. The model contains details of the cell growth from the hair matrix cells and changes from spherical to non-spherical oval shape. Simulation results were able to exhibit the hair formation process from the base of the hair follicle. Furthermore, at the surface opening of the follicle, the hair structure was recorded. Therefore, this model can be used to clarify the mechanism of hair root formation.
Introduction
In recent years, there has been an increasing concern in the cosmetics industry, and research on anti-aging of skin and hair has been rapidly developing. In particular, hair is now considered as a very important factor in determining human appearance, which increases the need of clarifying hair root formation mechanisms.
This study developed a method for analysis of the formation of hair root using a particle model. Numerical simulations of hair formation process, such as cell division, transformation of cell, and keratinization, were carried out based on this 3D non-spherical model. Our aims are to clarify the mechanism of hair formation and to contribute to the field of hair beautification. We used numerical simulations to understand and clarify this phenomenon. We believe that the model will be applicable to the diagnostic system of hair beauty. Figure 1 shows the image of a hair root as the analysis object, and the roles of each cell type are described [1] - [4] . The hair root is surrounded by the inner root sheath. Basically, there are three zones: cells divide at the bottom, cells transform and change their properties at the middle, and finally, elastic solid structures are fixed. The dermal papilla is at the bottom center of the follicle. Hair matrix cells which are present adjacent to the dermal papilla divide actively. The cells proximal to the critical line change their shape and properties. The hair matrix cells present under the critical line divide actively. The cells change to cortex and cuticle cells after growing beyond the critical line and transform from a spherical to a spherical-elliptical shape. When the cells become cured and exceed the keratogenous zone, the cells are filled with insoluble keratin protein. At this point, the cells retain their structure as elastic solid, and hair strand is considered to have matured as it emerges above the skin.
Analysis Object and Model Description

Analysis Object
Model Description
The particle model is introduced to simulate the hair formation process [5] [6] . The model considers the interaction among particles and pursues motions of particles in a Lagrangian way. This method is suitable for analysis either when each particle shape deforms largely or when the number of calculation points is constantly moving. The cellular particles move in response to the influence of inter-particle forces: volume conservation force and spring force. The volume conservation force F in Equation (1) works to keep the particles apart. Due to the repulsive forces, the particles eventually move to a stable distance. Here k is the coefficient, ddr is the distance between two particles, dr0 is the standard distance (12.4 µm in this case), a and r are the conversion factors for the movement of the non-spherical particles, a is the particle size of the target, and r is the reference particle diameter. The spring force f in Equation (2) works to make the continuum of the cellular particles structural. Here, k' is the coefficient of elastic spring. As the hairs grow, particles are increasingly connected with the surrounding particles, the spring force between the particles becomes strong, and the particles become solid and develop elasticity. In Equation (3), this is the sum of the forces exerted by surrounding particles, where particles are gradually moved to a position of the force balance. x and x' are the positions before and after movement due to these forces. α and β are coefficients and the values are 1 and 1/300, respectively.
( ) Figure 2 shows a flow chart of analysis steps in the present study. First, cells for the initial shape are placed. The cells are split from matrix cells and increase. Inter-particle force in Equation (1) and spring force in Equation (2) are calculated. Following this, the cells are moved upward using Equation (3), changing their shape and physical properties. Calculations are continued, and finally, calculation results are output.
Calculation Conditions
An initial arrangement of the 3D model is shown in Figure 3 and consists of matrix cells, dermal papilla, and the inner root sheath. The initial cell particle has a spherical shape with 12.4 µm diameters, and it changes to cortex gradually after the critical line and changes shape gradually to become non-spherical particles of 3.9 µm diameter and 124 µm height. From the matrix cell to the cortex, the shape change occurs in one day. The birth of new hair matrix cells occurs once in a half a day. Indeed, cell division after hair formation is assumed to occur 10 times per day. Cell migration after division is free to move under volume conservation force. Because of changing to cortex cells, a spring force is generated between the particles (gradually between each neighboring cell), and the shape of the elastic hair is determined. The cuticle comprises multiple thin layers covering the cortex and presenting its model in a figure is difficult. Therefore, we have simplified the cuticle model so that outside surface particles are connected to the elasticity of the cuticle cells. show the result with and without, considering the cuticle and elastic force after three days, respectively. Figure 4(a) is the result without considering spring force in the spherical model. Particles can move under volume conservation force; hair is unstructured and cannot keep its shape. Figure 4(b), Figure 4(c), and Figure 4(d) show the results of a non-spherical shape with spring force after one day, two day, and three days, respectively. As shown in Figure 4(b) , after one day, spring force emerges between cells over the critical line, and solidification occurs inside the inner sheath. As shown in Figure 4(c) , after two days, hair maintains the solid structure because spring force emerges and reaches the exit of the inner sheath. The hair shape is maintained even after three days, as shown in Figure 4(d) .
Results and Discussion
A closer look at the results of the consideration of the elastic force, non-spherical perturbation begins after the first day in Figure 4(b) . Cells reach the outlet and are fixed after two days, as can be seen in Figure 4(c) . Finally, after 3 days (Figure 4(d) ), hair emerges above skin, while retaining its shape. Figure 5 shows the detailed results of the three-dimensional cross-section near the exit of the hair follicle. In Figure 5(a) , the cells are aligned in the spherical model, which does not involve a shape change. Figure 5(b-1) and Figure 5(b-2) display the results with the non-spherical model. The particles appear to be randomly located when shown by the sphere symbol in Figure 5(b-1) , whereas it can be seen that the cells are arranged densely in the non-spherical model, as shown in Figure 5(b-2) . Although the simulation successfully reproduced the hair shape with rod-like cortex cells, it could not model cuticles that cover the cortex in real hair.
Conclusion
In this study, 3D particle simulations of hair formation processes at the hair root were carried out. The model K. Nagayama et al. focuses on cell growth from the hair matrix cells and changes from spherical shape to the non-spherical elliptical shape. At the bottom of the follicle, the volume conservation force is dominant. As cells move toward the surface, spring force gradually emerges and becomes dominant at the exit site of the hair root. Simulation results, according to the model, were able to express the hair formation process from the base of the hair follicle. At the surface opening of the follicle, the hair structure could be assessed. Therefore, the model can be used as a simulation tool for hair formation processes with a change in cell shape. In future, the model will help elucidate the mechanisms of hair growth with reference to the actual phenomena, and will be expected to contribute to beauty diagnosis of hair.
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